Abstract: Understanding groundwater-vegetation interactions is crucial for sustaining fragile environments of desert areas such as the Horqin Sandy Land (HSL) in northern China. This study examined spatio-temporal variations in the water table and the associated vegetation status of a 9.71 km 2 area that contains meadowland, sandy dunes, and intermediate transitional zones. The depth of the water table and hydrometeorologic parameters were monitored and Landsat Thematic Mapper (TM) and Moderate Resolution Imaging Spectroradiometer (MODIS) data were utilized to assess the vegetation cover. Spatio-temporal variations over the six-year study period were examined and descriptive groundwater-vegetation associations developed by overlaying a water table depth map onto a vegetation index map derived from MODIS. The results indicate that the water table depends on the local topography, localized geological settings, and human activities such as reclamation, with fluctuations occurring at annual and monthly scales as a function of precipitation and potential evapotranspiration. Locations where the water table is closer to the surface tend to have more dense and productive vegetation. The water table depth is more closely associated with vegetative density in meadowlands than in transitional zones, and only poorly associated with vegetation in sandy dunes.
Introduction
Groundwater-vegetation interactions have been widely studied and are well documented in the existing literature [1, 2] . A comprehensive review of information on interactions between vegetation and groundwater that examined studies conducted before 1999 predominantly focused on the impacts of vegetation physiology (e.g., root systems) and management (e.g., grazing and removal) on groundwater recharge and discharge [1] . Most of the areas studied had well-established and dense vegetation cover, and a major finding of these earlier studies was that plants increase percolation rates by providing root channels to aid the flow of water [3] [4] [5] [6] [7] , which is known as the mechanism of preferential flow.
This stands in sharp contrast with the information on how variations in the level of the groundwater table influences vegetation status, which is both scanty and incomplete [8] [9] [10] [11] . Of the studies that have been published, Wang et al. [2] analyzed water table fluctuations in the lower Heihe River Basin and the corresponding responses of the vegetation growing by using integrated Moderate Resolution Imaging Spectroradiometer (MODIS) normalized difference vegetation index (NDVI) data. NDVI is a composite number that reflects the leaf area, biome, productivity, and percentage vegetation cover [12] . Previous studies [13] [14] [15] have confirmed that maximum NDVI can be a reliable indicator of vegetation cover and its growth condition, demonstrating that a year with a higher maximum NDVI value tends to have better vegetation growth (i.e., denser vegetation cover) and vice versa. In the lower Heihe River Basin, the vegetation response was obvious for water table depths of between 1.8 and 3.5 m, but less so for depths of more than 5 m to 6 m. For water table depths of less than 1.8 m, salinity increased significantly, adversely affecting vegetative growth [2] . Similar findings have been reported for the riparian zones along the Tarim River in northwest China [16, 17] , the San Pedro River in Arizona in the southwestern United States (U.S.) [18, 19] , and for a Californian semiarid oak savanna [20] .
The studies cited above, along with most other studies reported in existing literature, were conducted in areas where perennial and/or ephemeral streams exist and stream flow is the dominant recharge source of groundwater. Vegetation in those areas is sustained by a combination of surface water and groundwater, so their results and methods may not be applicable for arid areas, especially desert areas [21] . Desert areas have very fragile hydrologic and environmental conditions and sparse vegetation coverage (<50%; classified as somewhat desertified) that is intermingled with mobile, semimobile, and/or semifixed sand dunes [22] [23] [24] [25] [26] . Given that about 25% of the global land are likely to become deserted, the protection of sparse vegetation in arid areas is very important to address the desertification-related environmental issues, which will increase frequency and intensity of dust storms or sandstorms that affect not only the adjacent rural areas but also distant metropolises [27] [28] [29] [30] .
The 51,700 km 2 Horqin Sandy Land (HSL) is one of the largest deserts in Asia as a result of vegetation degradation in the past 30 years. In the HSL, surface water is negligible and the vegetation primarily depends on groundwater for survival and development [31] [32] [33] [34] . Duan et al. [21] found that the spatio-temporal variation of vegetation in the HSL is dominated by groundwater availability and only slightly influenced by soil physicochemical properties such as soil texture, soil organic content, soil salinity, and plant physiology. Ma et al. [35] analyzed the relationship between vegetation ecotypes and groundwater depth in the HSL, and showed that the ranges of water table depth for hygrophyte, mesophyte, mesoxerophyte and xerophyte varied from 0.45 m to 1.66 m, 0.95 m to 2.20 m, 2.20 m to 4.59 m, and 3.45 m to 7.45 m, respectively. Wu [36] found that groundwater was key to vegetation growth in the HSL, and accounted for 36% of the total evapotranspiration (i.e., 162 mm) on average. Such a percentage could be increased to 60% (i.e., 270 mm) in a dry year such as in 2009. Based on our field observations, groundwater contributed 50.9% and 51.8% (i.e., 235 mm and 187 mm) of the total transpirations of maize in 2008 and 2009, respectively.
Because of the importance of groundwater, understanding how groundwater fluctuations affect the long-term development of vegetation is crucial for making efforts to sustain the fragile environment of desert areas. However, such an understanding has been greatly limited by scarce data, which makes it impossible to use advanced spatial statistical methods (e.g., geostatistical analysis and multivariate regression) [37, 38] . The objectives of this study were therefore to conduct an exploratory analysis to examine: (1) spatio-temporal variations in the water table beneath a selected area within the HSL; and (2) the relationship between variations in the depth of the water table and the overall vegetation status of the selected area. This examination was primarily based on data collected by the authors, supplemented by data obtained from other sources. (Figure 1a ) was selected for this study. This area is a typical semiarid agro-pastoral transitional zone with diverse landscape features of sandy dunes (54.5%), meadows (26.6%), agricultural land (10.4%), a lake (5.2%), and residential areas (3.3%). Based on a recent study of the local conditions conducted by Ma [35] , this region has a temperate and semiarid continental monsoonal climate with an average annual precipitation of 389 mm, of which 69.3% falls during the growing season (June to August), and an average annual PET (potential evapotranspiration) of about 1412 mm. The average annual temperature is around 6.6 °C, with a minimum monthly mean temperature of −13.3 °C in January and a maximum temperature of 23.8 °C in July. The average annual wind speed is 3.8 m·s in April. The prevalent wind direction in winter and spring is northwest, whereas in summer and autumn it is southwest.
Materials and Methods

Study Area
The aquifer that lies beneath the study area is composed of layers of Quaternary loose sediments that range in thickness from 100 m to 200 m. The sediments are mainly fine sand (particle sizes from 0.074 mm to 0.42 mm) in the upper layer of the aquifer, fine to medium sand (0.42 mm to 2.0 mm) in the mid layer, and coarse sand (2.0 mm to 4.75 mm) to gravel (4.75 mm to 76 mm) in the lower layer. Groundwater comes mainly from precipitation and can either be lost to phreatic evaporation or discharged into the lake in the study area ( Figure 1) .
The combination of dry-windy climate and vulnerable sandy soils favors wind erosion, which is likely to be a major reason for the rapid spread of desertification in this region [39] and the large-scale dust storms that plague the area [40, 41] . The study area, which has a topographic elevation varying from 186 m to 232 m above mean sea level and consists of rolling sandy dunes and desert as well as flat interdune (i.e., meadow) lowlands, agricultural land, and a lake (Figure 1b 
Instrumentation and Data Collection
A network of instruments was installed in the study area in 2003 to continuously collect data on the water table at 16 sites (Table 1) , with additional hydrometeorology data being gathered at sites A3 and C3. The water table is measured using PC-2X transducers. For each observational well, a perforated iron pipe with an inner diameter of 5 cm was installed to prevent the collapse of the well borehole and to allow placement of the transducer. The wells have a depth of 5 m to 15 m and a wellhead at 0.2 m to 1.5 m above ground surface, depending on the local land cover and geographic location. The hydrometeorologic data, including rainfall, snowfall, sunshine duration, air temperature, relative humidity, wind speed, and barometric pressure, were collected either manually using gauges or by automated sensors (Tables 2 and 3) . These sites, which are maintained by the Agula Ecohydrological Experiment Station of the Inner Mongolia Agricultural University, were selected to monitor all the combinations of soils and land cover types within the study area, and are named using combinations of the six letters from A to F and three numbers, 1, 2, and 3 ( Figure 1a and Table 1 ). The sites are protected by wire netting fences to prevent any unexpected interference from livestock and are accessed via narrow observation brick roads to minimize any disturbance to the natural conditions. [42] and weighing method [43] , respectively, on a daily basis. Sunshine duration was observed daily at sites A3 and C3 starting from 1 June 2007 using a sunshine duration instrument [44] and in June 2007, the data collected at sites A3 and C3 were enhanced by the addition of automated sensors to measure rainfall, air temperature, relative humidity, wind speed, and barometric pressure. The acquisition time interval for these sensors was set to 30 min. Data collected during periods when an instrument malfunctioned or was interfered with by livestock grazing in the area were flagged as missing. The remaining data used for the analysis were checked to ensure they fell within reasonable ranges for the parameters being monitored.
Other Data
A contour map for the study area with an elevation interval of 2 m stored in the dwg format of AutoCAD ® 2002 (Autodesk, SanRafael, CA, USA) was used to delineate the topographic variations and the depths of the water table across the study area in ArcGIS The Tongliao station (122°16′ E, 43°36′ N) is located 43 km northwest of the study area and has a ground elevation of 181 m, about 10 m lower than the average elevation of the study area. This station has been collecting hydrometeorologic data since 1951. The measured daily values at this station for precipitation, air temperature, relative humidity, wind speed, barometric pressure, and sunshine duration were used in this study to extend the measured time series for the study area.
MODIS images of the study area for the period April 2003 to December 2009 were analyzed to provide values of NDVI at 16-day intervals. In this study, NDVI was used to determine how the vegetation dynamics were influenced by fluctuations in the water table as well as precipitation and evapotranspiration variations.
Data Preprocessing
The number of years for which the parameters were measured varied from site to site (Table 2 ) and the measurement frequency at a given site was not consistent for all parameters. Thus, the raw data were first collapsed into a more manageable form. For the water table and for each observational well, daily values within a given month of a water year (December to November) were used to compute a median value as the mean monthly water table for that month of that year. The monthly values for a given season in the same year were arithmetically averaged to compute the mean seasonal water table. The seasonal values for that same year were in turn arithmetically averaged to compute the mean annual water table.
For each type of land cover, the mean annual water table for a given water year was computed to be the arithmetic average of the monthly water tables for the observational wells located within that land cover area. The annual mean monthly water table for each month was calculated as the arithmetic average of the monthly water tables for all the observational wells within the area of this land cover and for each month across the six measurement years.
For air temperature, relative humidity, wind speed, and barometric pressure, daily values were computed as the arithmetic average of all the observed values on that day. For each of these meteorological parameters, the areal value for a given day was computed to be the arithmetic average of the daily values at sites A3 and C3. In order to ensure these meteorological parameters shared the same time-series length as the water In addition, the 16-day values of NDVI were extracted from the MODIS images for each of the six study years (i.e., 2004 to 2009) and used to determine a maximum NDVI for that year. Finally, the vector topographic map was rasterized using the Raster Interpolation Tools of ArcGIS ® 9.2 to generate a 10-m digital elevation model (DEM).
Analysis Method
The values for the annual mean depth of the annual water table at the 16 observational wells were used in Surfer 8.0 ® (Golden Software Inc., Golden, CO, USA) to generate a contour map. This map was then visually compared with the topographic map and the Landsat 4-5 TM images to examine how the spatial patterns of the water table are influenced by topography and land cover. Similarly, for each season the values for annual mean seasonal water table at the 16 observational wells were used to generate a contour map for that season. The four seasonal contour maps were then compared with each other and with the annual contour map to identify any discrepancies. In addition, visual plots were generated to examine the temporal trends in the water table depth at annual and monthly time scales for each of the three types of land cover and site by site. Furthermore, the temporal trends for a given time scale were examined to identify any causal relationships with precipitation and PET at the same time scale.
The contour map of annual mean annual water table was rasterized using the Raster Interpolation Tools of ArcGIS ® 9.2, with a spatial resolution of 10 m. This rasterized water table contour map was subtracted from the 10-m DEM to generate a grid map of the annual mean depth of the water table. This grid map in turn was converted in ArcGIS ® 9.2 into a contour map of the depth of the water table. Subsequently, this contour map was superimposed onto the maximum NDVI grid to examine the effects of fluctuations in the water table on vegetation growth and health. Finally, the values of maximum NDVI were regressed with respect to the mean annual water table, the precipitation and PET to partition the overall effects among these three factors.
Results and Discussion
Water Table Spatial Patterns
The long-term (i.e., 2004 to 2009) annual mean water table level exhibited an overall pattern of decreasing from the sandy areas in the south and north of the study area to the transitional zones and then decreasing further in the meadowlands in the center of the study area (Figure 2a,b) . The water table underneath the high-altitude (191.8 m to 232.3 m) peripheral sandy areas was almost 0.9 m above that underneath the medium-altitude (188.2 m to 191.8 m) transitional zones, which was in turn about 0.1 m above that underneath the low-altitude (187.1 m to 189.8 m) meadowlands (Table 3 ). This pattern follows that of the general topography: the sandy areas have a higher altitude than the transitional zones, which in turn have a higher altitude than the more fertile meadowlands in the valley bottoms ( Figure  2b ). The average surface gradient is around a 3 m drop in elevation per 100 m geographic distance (i.e., 3%). Groundwater in the northwest of the study area either flows into the lake at a hydraulic gradient of 0.65‰ to 1.05‰ or to the sink area surrounding sites C2(M) and C2(G) (Figure 2a ) at a greater gradient of 1.08‰. This sink probably originated as a result of localized geological conditions such as the patch of higher ground between sites D2 and C3, as shown in Figure 2b , which formed a geological barrier to hinder the southeasterly flow of groundwater [21] . Another possible explanation is that the natural water table surrounding the sink was lowered by agricultural activities (Figure 1a) to such an extent that the groundwater flow direction beyond site C2(M) was reversed. This finding was reasonably compatible with the results reported by Ma et al. [35] .
In addition, the groundwater in the northeast part of the study area flows into the lake at a much smaller hydraulic gradient of about 0.4‰, while groundwater in the south flows into the lake at a much steeper gradient of up to 5.0‰. Not surprisingly, the water table in the north of the lake exhibited more spatial heterogeneity than in the south of the study area (Figure 2a) . Again, this can be attributed to the localized geological conditions as well as greater groundwater consumption by humans, livestock, and crops. In contrast, the spatial variability of the topography in the south is less marked (Figure 2b ) and there is far less human activity.
The aforementioned pattern also holds for the long-term annual mean seasonal water table (Figure 2c-f) . Although the lake's surface area was smaller than average in the fall (Figure 2e versus Figure 2a) , it was larger in the other three seasons. Because the lake is solely fed by groundwater, this variation in the lake surface area indicates that the water table fluctuates from season to season. The magnitude of this fluctuation ranged from 7 cm underneath the sandy dunes to 14 cm underneath the transitional zones (Table 3) but was most marked in the meadow and agricultural lands, where the water table depth was usually less than 2.0 m and could thus be directly influenced by seasonal variations in precipitation and evapotranspiration. In these areas, the water table was up to 10 cm lower in summer and fall than in spring and winter. The explanation for this observation is that vegetation (e.g., Leymus chinensis) and crops took more groundwater during the growing season; phreatic evaporation also tended to increase as the water table was closer to the surface in the summer and fall. The results of our analysis are consistent with previous study by Jia et al. [47] . In contrast, the region south of the lake exhibited negligible variation from season to season because of the much deeper water table (>4.0 m). For the sandy dunes, the water table tended to drop marginally from spring to winter as a result of water table fluctuations in the transitional zones and meadowlands. The water table in the transitional zones declined from spring to fall, but exhibited no detectable changes from fall to winter. The most obvious fluctuation occurred beneath the northeast corner of the study area (Figure 2c-f) . 
Water Table Temporal Trends
For any given water year, the mean annual water table depended on both the precipitation and PET (Figure 3) . Regardless of the land cover, the water table was gradually rising before 2006 as a result of moderately high precipitation and low PET, but it started to decline after that year because the abnormally large PET (>2200 mm) in 2007 depleted soil water and thus resulted in greater-than-normal soil storage in the subsequent years. This result was consistent with those of previous studies [48, 49] , which reported that the resulting increase in the soil storage tended to diminish with the replenishment of infiltrated water to the aquifer. However, the unusually high precipitation (≈450 mm) in 2008 led to a slight increase (0.08 m) in water table underneath the meadowlands and slowed the decline of the water table underneath the transitional zones as well as the sandy areas. In addition, because of the relatively shallow depth of its water table (<2.0 m), the meadowland exhibited the most sensitive responses to precipitation and PET. The smaller fluctuations in the depth of the water table underneath the other two types of land cover were partially due to the greater depth of the underlying water table (>2.5 m), but the higher permeability (>415 mm·h −1 ) of the sandier soils in the sandy areas and transitional zones caused a dry topsoil layer to form immediately after a precipitation event that tended to restrict further soil evaporation, allowing more percolation into the aquifer underneath [50] [51] [52] . The monthly mean water table varied greatly within each water year in response to precipitation and PET for all three land cover types (Figure 4) . Throughout the three winter months, the water table consistently exhibited a marginally decreasing trend because precipitation was in the form of snowfall and thus could not replenish the aquifer; PET was also near zero. Throughout the three spring months, snowmelt and additional rainfall tended to raise the water table but this replenishment effect was partially offset by the elevated PET. For the summer months, the water table exhibited an overall decline because PET was at its maximum. The sharp rises in the water table in July of 2005 and 2008 were caused by the large rainfall events that occurred in June 2005 (139 mm) and July 2008 (238 mm). Similarly, in the fall months the water table exhibited an overall decrease, though PET started to decline. This can mainly be attributed to reduced rainfall at this time of year. Because the depths of the water table under the three land cover types are distinctly different, the water table underneath the meadowlands can exhibit quicker responses (i.e., fluctuations) than that underneath the transitional zones, which in turn exhibit more sensitive responses than that underneath the sandy areas. 
Effects of Variations in the Water Table Depth on Vegetation
Within the study area, regions where the water table is closer to the surface tended to have a better (i.e., more dense and productive) vegetation cover, as indicated by a larger value for the maximum NDVI ( Figure 5 ). Vegetation cover was highest in the meadowlands, where the depth of the water table was less than 2 m, and worst in the sandy areas, where it was greater than 4 m. Vegetation cover in the transitional zones, where the depth varied from 0.6 m to 3 m, exhibited noticeable spatial variations. These findings are not in agreement with those of earlier researchers [16, 18] because riparian zones and areas that are further away from waterways are governed by distinctly different groundwater cycling mechanisms [53] . 
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Jun Across the meadowlands in the southeastern part of the study area, the water table was only up to 1.4 m below the surface and was thus covered by well-developed vegetation, as indicated by a value for the maximum NDVI of 0.7 or larger. However, toward the northwest and east of the area the vegetation deteriorated markedly, as indicated by the decreasing NDVI, because the increasing depth of the water table in these areas tended to limit the amount of groundwater available for vegetation transpiration [15, 16] . Another possible explanation is that intensive human activities (e.g., farming) have destroyed the natural vegetation in these areas, resulting in a poorer vegetation cover. The impacts of these human activities can be seen most clearly in the eastern region, where although the depth of the water table was less than 1.4 m there was only a fairly-developed vegetation cover with a maximum NDVI of 0.5 to 0.6. The meadowlands in the south, which lie alongside the lake (Figure 5 ), had a water table depth of less than 0.8 m but a moderately poor or fair vegetation cover (maximum NDVI = 0.4 to 0.6). This is because soils in this region, is subjected to frequent inundation and soil erosion and salinization as a result of major fluctuations in the lake water surface level.
Across the sandy dunes, vegetation cover exhibited fewer spatial patterns, as indicated by the smaller variations (0.2 to 0.4) in the maximum NDVI ( Figure 5 ). This can partially be attributed to the depth of the water table in this region was too deep (>4 m) for to exert a direct influence on vegetation development [15] . Similarly, because the water table in the upper transitional zone was more than 2 m deep, the vegetation cover across this zone exhibited slight variations only. In contrast, the vegetation cover across the lower transitional zone, where the depth of the water table was less than 2 m, exhibited a noticeable spatial pattern from the east to the west, with the maximum NDVI rising from 0.4 to 0.5 in the east to 0.6 in the west.
For every region within the study area, vegetation cover, as measured by maximum NDVI, varied from year to year (Figure 6) . A multiple regression analysis revealed that the temporal variation was statistically correlated (R 2 > 0.99) on the depth of the water table, precipitation, and PET. The depth of the water table explained 42%, 38%, and 7% of the variations presented by the maximum NDVI for meadowlands, transitional zones, and sandy dunes, respectively, while PET explained 25%, 7%, and 30%, respectively. Precipitation explained 3%, 17%, and 8% of the variations for meadowlands, transitional zones, and sandy dunes, respectively. These results imply that fluctuations in the water table are more significant for vegetation in the meadowlands than in the transitional zones, and have the least impact on vegetation in the sandy dunes because of the deep water table underneath them. Climate, represented in this study by PET, exerted a more direct influence on vegetation in the meadowlands and sandy dunes than in the transitional zones. This is probably because the relationship between PET and actual transpiration was weak at water table depths of 0.8 m to 2.0 m such as those found in the transitional zones [16] . The relatively low influence of precipitation for the meadowlands can be attributed to the fact that the already high water table in this region made groundwater always available for vegetation transpiration. In contrast, precipitation significantly increased the soil moisture in the thick dry soil profiles of the transitional zones and sandy dunes, thus enhancing the relationship between PET and actual transpiration. As a result, precipitation had a more direct influence on vegetation in these latter two regions. 
Conclusions
This study examined spatio-temporal variations in the depth of the water table beneath a 9.71 km and PET. As a result of long-term reclamation for agriculture, (for example, at site C2(M)), the water table was 0.3 m lower than that underneath adjacent areas (in this case, site C2(G)) where human disturbance was minimal. Within the study area, a region where the water table was closer to the surface tended to have better (i.e., more dense and productive) vegetation cover, as indicated by a higher value (>0.7) for maximum NDVI. Furthermore, our results also revealed that vegetation development was statistically correlated (R 2 > 0.99) with the depth of the water table, precipitation, and PET. In particular, the depth of the water table explained 42%, 38%, and 7% of the variations presented by the maximum NDVI for meadowlands, transitional zones, and sandy dunes, respectively. This implies that vegetation is more sensitive to fluctuations in the depth of the water table in the meadowlands than in the transitional zones, and least sensitive in the sandy dunes.
